Introduction
Natural killer (NK) cells have unique phenotypes and functions. They are characterized as large granular lymphocytes, and they do not express antigen-specific receptors. Instead, they express multiple inhibitory receptors for major histocompatibility complex (MHC) class I 1 as well as stimulatory receptors recognizing stress-induced molecules 2 . These receptors enable NK cells to recognize and kill a wide range of tumors and virus-infected cells but not normal cells. Due to their unique phenotype and function, they are considered to form a distinct population of lymphocytes different from T and B cells. Currently, the developmental relationship among the three populations of lymphocytes is still unclear. It is generally thought that hematopoietic stem cells initially differentiate into common myeloid progenitors 3 and common lymphoid progenitors (CLPs) 4 
in the bone marrow (BM). CLPs that give rise to T, B, and NK cells upon transplantation into irradiated recipients have been defined as Lin
c-kit lo Sca-1 lo IL-7Rα + BM cells 4 . Although CLPs were assumed to also migrate to the thymus and develop into mature T cells, a recent study has suggested that early T lineage progenitors (ETPs) independent of CLPs may be responsible for sustained production of T cells in the thymus 5 . Unlike CLPs, ETPs retain some myeloid potential, have unique phenotype (c-kit hi IL-7R neg/lo ), do not respond to IL-7 and exist in near normal number in Ikaros-deficient mice 5 . Thus, the contribution of CLPs in T cell development is still unclear.
In the adult, it appears that NK cells share a close developmental pathway in the BM with 
Therefore, B and NK cells may develop from CLPs while T cells may develop independent of
For personal use only. on October 28, 2017 . by guest www.bloodjournal.org From While NK cells may share a common precursor with B cells in the adult BM, this does not seem to be the case in the fetal environment. The dichotomy between myeloid and lymphoid lineages is not evident, and an equivalent CLP population has not been found in the fetal environment. The closest population in the fetal environment shows some myeloid potential 10 .
Numerous studies have shown that T cell precursors possess NK lineage potential. A bipotent T/NK cell precursor (TNKP) is present in the fetal liver, spleen, and blood. The earliest TNKP is B220 lo c-kit
-and is found in the fetal liver (FL) 11 . They reconstitute the T and NK cell compartments upon transplantation into mice lacking T, B and NK cells. These cells have been shown to be truly bipotent, because a single cell gives rise to both T and NK cells in a fetal thymic organ culture (FTOC). This bipotent population represents 70% of the cells that seed the thymus 11 . The earliest prethymic T cell progenitors in the fetal blood 12 and the first cells to colonize the fetal thymus 13 both have T, NK, and dendritic cell potential. Of 40 cells examined from the fetal thymic anlage, 7 cells gave rise to T cells and all of these 7 cells also gave rise to NK cells. Four of these cells produced dendritic cells as well 13 . Genomic PCR. To isolate genomic DNA, cells were divided into 10 6 cell aliquots, lysed with 50μl of dH 2 O and vigorous pipetting, placed at 98°C for 10 minutes, and then 5μl of 1 mg/ml proteinase K was added and incubated at 55°C for 2 hours followed by incubation at 98°C for 10 minutes. DNA thus isolated was used as template for PCR. Forward primers Vγ2, 3, 4, and 5
were Vγ2 23 and TCRδ PCR were described by Capone et al. 24 .
Nkg2a primers used as a positive control for presence of DNA were, forward primer:
CCTTCTCAGGAGCATCCCTGGAT and reverse primer:
GACAAAACAGATGAGGCCCAGGG, and the PCR conditions were the same as those for
TCRγ genes. Thermocycling conditions were as follows: 5 minutes at 96°C followed by 32 cycles of 15 seconds at 96°C, 40 seconds at 50°C, 1 minute at 72°C and finally 10 minutes at 72°C. 1 μl of PCR product was analyzed on a 1% agarose gel. The southern blot was performed as above for the genomic PCR. The same oligonucleotide probes as the genomic PCR were used for the southern hybridization.
RT-PCR. RNA was isolated from cells with QIAGEN's RNeasy
Sequencing of PCR products. RT-PCR products from thymocytes, IL-2-activated adult NK and newborn NK cells were purified using Wizard PCR preps DNA purification from Promega (Madison, WI). The PCR products were ligated into the PGEM-T easy vector (Promega). The plasmid clones were sequenced at the NAPS Sequencing Service (University of British Columbia, Vancouver, Canada).
Results

Microarray analysis reveals expression of TCRγ gene in NK cells
To (Fig. 1a) . TCRδ gene expression was detectable at a lower level and the probe identification describes it as germline TCRδ expression.
TCRβ gene expression was undetectable. Only one of three TCRα gene probes detected positive expression, but it appears overall that the TCR gene expression in NK cells is limited to the TCRγ. Not only was TCRγ gene expression in NK cells detected, its expression was also shown to be significantly higher in neonatal NK cells than in adult NK cells with a student's t-test pvalue of 0.0475 (Fig. 1b) .
TCRγ genes are rearranged and expressed in NK cells
The microarray data illuminated TCRγ gene expression in NK cells. However, the probes for the TCRγ genes on the microarrays were specific for the 3' end of the transcripts and the results did not reveal whether the microarray data were detecting germline expression or expression of (Fig. 2a, left panel) . The identity of the larger band seen for the adult NK cell Vγ3-Jγ1 PCR is unknown. These results showed that TCRγ gene (Fig. 2a, right panel) . The genomic and RT-PCR experiments were also performed with freshly isolated NK cells without culturing with IL-2, and the results were the same to those with IL-2 activated NK cells (data not shown).
To confirm the specificity of the PCR analysis, NK cells from adult RAG2
-/-mice were sorted and tested by the genomic PCR. As expected, no TCRγ gene rearrangement was detected in these NK cells (Fig. 2b) . The specificity of the RT-PCR was also confirmed by cloning and sequencing the PCR products from thymocytes, purified adult and neonatal NK cells. The sequences showed that PCR cross-amplified non-specific TCRγ genes. However, Southern hybridization to Vγ-specific oligonucleotide probes detected only the specific sequences (data not shown). Since Vγ2-Jγ1 recombination was most prominent among NK cells, it was further analyzed. Vγ2 has an in-frame stop codon at the 3' end, which can be removed during the VJ gene recombination process. Out of the Vγ2-Jγ1 rearrangements that were sequenced, 4 out of 9
(44%) were in-frame, productive rearrangements in adult NK cells and 3 out of 8 (44%) were inframe, productive rearrangements in neonatal NK cells (Fig. 2c) . These are similar to the expected frequencies (33%) of random unselected rearrangements. 
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NK cell samples used in this experiment were always over 99% with 0-0.05% CD3 + or TCRγδ + (Fig. 3a) . DNA was isolated from the purified NK cells and subjected to genomic PCR analysis for TCR Vγ2-Jγ1 rearrangement. To determine the frequency of Vγ2-Jγ1 rearrangements among NK cells, DNA was also isolated from purified γδT cells and mixed with fibroblast (L-cell) DNA at various ratios, and genomic PCR was performed in the same way. The intensity of the bands for adult and neonatal NK cells was compared to the various control percentages. To ensure that the starting amount of DNA was identical for each sample, the DNA was first measured with PICO green staining. Results consistently showed that about 5% of neonatal NK cells and about 1% of adult NK cells had Vγ2-Jγ1 gene rearrangements (Fig. 3b, c) . The frequency was the same with freshly isolated NK cells and IL-2-activated NK cells, as the PCR bands were of similar intensity (Fig. 3b, d ).
Since these percentages are low, it was important to rule out the possibility of T cell contamination in the NK cell samples. The same experiment was also performed with NK cells from TCRβ -/-δ -/-mice which have no T cells in the spleen. TCRγ gene rearrangement was still observed in these NK cell samples, thus ruling out the possibility of T cell contamination (Fig.   3e ).
Rearrangement of TCRβ and TCRδ genes in NK cells was also tested by genomic PCR.
No rearrangement of TCRβ genes was detected in neonatal and adult NK cells (Fig. 4a) . On the other hand, very small fraction (less than 1%) of neonatal NK cells had Vδ4-Jδ1 rearrangement (Fig. 4b) .
The thymus is required for the development of the TCRγ + NK cells
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The TCR gene rearrangement in NK cell subsets suggested that they develop in the thymus, since this is the location where the majority of T cells undergo TCR V(D)J recombination. To examine whether the TCRγ + NK cells develop in the thymus, NK cells were isolated from nude mice, which lack a proper thymic environment and lack conventional T cells. Only extrathymic T cells accumulate in the spleen of older nude mice (up to 5.4% of splenocytes) (Fig. 5a ). It was known that NK cells were present at normal or elevated levels in adult nude mice, but the NK cell status of neonatal nude mice was not known. Normal number of NK cells was found in the spleen of neonatal (3 day old) nude mice. Genomic PCR analysis of freshly isolated NK cells and IL-2-activated NK cells from nude mice showed no Vγ2-Jγ1 rearrangement in NK cells from nude mice (Fig. 5b) . It should be noted that extrathymic T cells, which accumulate in the spleen of old nude mice, had rearranged TCRγ genes, but NK cells isolated from the same mice did not (Fig. 5b) demonstrating that the TCR rearrangement can still occur in these mice and the absence of it in NK cells is due to the lack of the thymus. Furthermore, genomic PCR analysis of highly purified fresh and IL-2 activated NK cells from the BM and thymus showed that TCRγ gene rearrangement is present in at least half of thymic NK cells while very low (~5% or less) rearrangement was detected in BM NK cells (Fig. 5c) . Therefore, the thymus seems to be required for the development of NK cells with rearranged TCRγ genes.
RAG genes have been shown to be activated in CLPs in the BM 26, 27 , and about 5% of adult NK cells have been shown to have rearranged immunoglobulin heavy chain gene 26 .
Therefore, whether TCRγ genes are also rearranged in B cells in neonatal and adult mice was tested. Genomic PCR analysis of purified B cells detected no Vγ2-Jγ1 rearrangement in B cells (Fig. 5d) . These results suggest that a subpopulation of NK cells develop from thymic T/NK bipotential progenitors that have rearranged TCRγ genes and lost B cell potential. 23, 31, 32 or by transplantation into irradiated hosts 11 , and the contribution of this pathway in steady-state NK cell development has been unclear.
Since athymic mice have normal numbers of NK cells with normal phenotype and function 19, 20 it is commonly assumed that all NK cells develop in the BM, regardless of the NK cell potential demonstrated in T cell progenitors. Our study changes this view. stages. This is similar for TCRδ. While, a few complete TCRγ and TCRδ gene rearrangements can be detected at DN2, TCRβ locus is mainly in germline form 33 In this study, we primarily focused on Vγ2-Jγ1 recombination as it was most prominent among several possible Vγ-Jγ recombinations. Since other Vγ-Jγ rearrangements are also detectable in NK cells, albeit at lower levels, the frequency of NK cells with any TCRγ gene rearrangement may be higher than 5%. Also, additional NK cells likely arise from DN1 cells but since they are not expected to have rearranged TCRγ genes, we cannot make any conclusions about whether a larger proportion of NK cells develop in the thymus before the initiation of TCRγ rearrangement. Ikawa et al. 23 examined TCR gene rearrangement in NK cells generated from fetal thymic progenitors by FTOC and did not detect rearrangement of TCRβ genes or TCR Vγ3-Jγ1 or Vγ4-Jγ1 rearrangement. This is inconsistent with our current results, but the discrepancy may be explained by the fact that Vγ2-Jγ1 is the most prevalent rearrangement detected in our study whereas Ikawa et al. 23 did not examine this rearrangement. It is also possible that their genomic PCR may not have been sensitive enough to detect the small percentage of rearrangements.
In humans, the earliest T cell progenitor in the thymus (CD34 TCRδ gene rearrangements although it still has the potential to become NK cells and dendritic cells 34 . Also, a rare blastic NK-cell like lymphoma with TCRγ gene rearrangement has been described 35 . These TCRγ + NK cells may be equivalent to the population we have described in TCC TAC GGC TAA  TAG CTC AGG T   TCC TAC GGC TAA CTG  AGC TAT ATA   TCC TAC GGC T  TT  TAG CTC AGG T   TCC TAC GGC TAA AGC T TA GCT CAG GT   TCC TAC GGC  ATT A TA GCT CAG GT   TCC TAC GGC TA  T AGC TCA GGT   TCC TAC GGC  CA  T AGC TCA GGT   TCC TAC GGC TA  T AGC TCA GGT   TCC TAC GGC TAA  T AGC TCA 
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